Data Summary {#s2}
============

1\. The assembled genome of *Coniothyrium minitans* (Taxonomy ID: 565426) strain ZS-1 has been deposited at DDBJ/ENA/GenBank under the accession VFEO00000000. The version described in this paper is version VFEO01000000.

2\. The sequencing raw data for genome assembly of *C. minitans* is available via the NCBI Sequence Read Archive with BioProject: PRJNA548470, BioSample: SAMN12034817. The SRA accession number of SRR9290694 is for the 500-bp-long sequencing library and the number SRR9290695 is for the 6-Kbp-long mate-pair library on Illumina platforms; the SRA accession of SRR9290696 is for 20-Kbp-long sequencing library on PacBio RS II platform.

3\. The mapped RNA-seq data files on the assembled genome of *C. minitans* from the mixed interaction RNA-seq of *C. minitans* with *Sclerotinia sclerotiorum* at 0, 4 and 12 h p.i. were uploaded into SRA with accessions of SRR9301108, SRR9301109, and SRR9301107 under biosample accession with SAMN12046022, respectively.

4\. The 15 RNA-seq data files corresponding to five stages of the growth and development of *C. minitans* ZS-1 were uploaded into SRA with accessions of SRR9988701 to SRR9988715 under biosample accession with SAMN12588607.

###### Impact Statement

*Coniothyrium minitans* is a specific and excellent biocontrol mycoparasite of the worldwideplant pathogen, *Sclerotinia sclerotiorum*. We used a combination of Illumina and single-molecule real-time (SMRT) sequencing to generate the sequences for the *de novo* assembly of the *C. minitans* genome. Comparative analysis of this genome with those of other plant pathogens (i.e. *Sclerotinia* spp. and *Botrytis* spp.) and biocontrol fungi (i.e. *Trichoderma* spp.) showed shared and unique characteristics with respect to genes for cell-wall-degrading enzymes, major facilitator superfamily (MFS), ABC transporter proteins, secretory proteins and secondary metabolite biosynthesis gene clusters. Dual RNA-seq analysis of *C. minitans* and co-culturing with its host fungus *S. sclerotiorum* demonstrated that cell-wall-degrading enzymes, transporters, secretory proteins (i.e. effectors) and secondary metabolites participate in the process of mycoparasitism of *S. sclerotiorum* at the early stage. The results of these genome analyses and RNA-seq surveys during mycoparasitism by *C. minitans* provide an understanding of the mycoparasitic mechanism and can further promote research on this antifungal agent.

INTRODUCTION {#s3}
============

*Coniothyrium minitans* is a homotypic synonym of *Paraconiothyrium minitans* or *Paraphaeosphaeria minitans*, belongs to the phylum Ascomycota, the class Dothideomycetes, the order Pleosporales, the family *Didymosphaeriaceae*, and is more properly placed in the genus *Paraphaeosphaeria* (according to Taxbrowser on NCBI website). It is congeneric with *Paraphaeosphaeria sporulosa*, a worldwide soilborne fungus with biocontrol abililty. *C. minitans* is a sclerotial mycoparasite distributed worldwide in soil \[[@R1]\]. Its remarkable biocontrol ability has attracted great attention since it was first isolated and identified in 1947 by Campbell \[[@R4]\]. *C. minitans* shares a similar optimal growth temperature (20 °C) with its host *S. sclerotiorum* \[[@R2]\]. It can parasitize the sclerotia of *Sclerotinia* spp. and produce antifungal substances that inhibit host growth \[[@R5]\], and hence successfully control crop diseases caused by *S. sclerotiorum* in the field \[[@R11]\]. For example, *C. minitans* destroyed the sclerotia, blocked the germination of apothecia by approximate 90 %, and reduced disease incidence in a bean crop by 50 % \[[@R5]\]. As the main effective component in commercial biological control agents, *C. minitans* was first registered in Europe and was used to control the diseases caused by *S. sclerotiorum* and *S. minor* on bean, lettuce, rape, peanut, sunflower, witloof chicory, alfalfa, etc. in the glasshouse or in the field \[[@R11]\].

Mycoparasitism is an important mechanism by which *C. minitans* acts against *S. sclerotiorum. C. minitans* can penetrate both the hyphae and sclerotia of the host \[[@R7]\]. No appressorium-like structures are formed during the mycoparasitism \[[@R8]\]. Mechanical pressure and enzymatic hydrolysis are the two main invasion methods for *C. minitans* to parasitize the host \[[@R21]\]. To date, several mycoparasitism-related genes have been identified and verified in *C. minitans*. The fermentation broth of *C. minitans* showed β−1,3-glucanase and chitinase activity and could decompose the cell wall of hyphae and the sclerotial parenchyma cells of *S. sclerotiorum in vitro* \[[@R22]\]. The gene *cmg1* encoding a β−1,3-glucanase in *C. minitans*, was highly up-regulated, and high chitinase activity was also detected during mycoparasitism of the sclerotia and hyphae of *S. sclerotiorum* \[[@R23]\]. Genes encoding the components of the MAP kinase cascade \[[@R28]\], NADPH oxidase \[[@R29]\], oxalate decarboxylase \[[@R30]\], transcription factors \[[@R31]\], the peroxisome \[[@R34]\] and heat shock factors \[[@R35]\] have been shown to be involved in mycoparasitism by *C. minitans*.

*C. minitans* may synthesize several secondary substances to inhibit the growth of other fungi or bacteria. The antifungal substances (AFS), mainly macrosphelide A, produced by *C. minitans* inhibit the hyphal growth of *S. sclerotiorum* and control *Sclerotinia* diseases \[[@R6]\]. The production of AFS is regulated by the ambient pH, which is strongly affected by the oxalic acid secreted by *S. sclerotiorum. C. minitans* synthesizes antibacterial substances (ABS) to inhibit the growth of bacteria such as *[Clavibacter](http://doi.org/10.1601/nm.6104)* and *[Xanthomonas](http://doi.org/10.1601/nm.2208)* \[[@R38]\]. These ABS may alter the balance of microflora on the plant surface and to facilitate colonization by *C. minitans* \[[@R40]\].

Although it has been developed as a successful biocontrol agent commercially, further investigation of *C. minitans* is still needed to enhance biological control efficiency and to uncover novel genes and active secondary substances. Thus, we sequenced the entire genome of *C. minitans* and performed transcriptomic studies at the early stage of interaction with its host, *S. sclerotiorum*. The purpose of this research was to investigate the possible mechanisms of mycoparasitism, potential active secondary substances (antifungal or antibacterial substances) and gene resources for resistance breeding against fungal diseases using genomic sequencing and transcriptomic analyses.

METHODS {#s4}
=======

Strain and growth conditions {#s4-1}
----------------------------

*C. minitans* strain ZS-1, originally isolated from a single conidium of *C. minitans* in China, was used for genome sequencing. *S. sclerotiorum* 1980 was used for mycoparasitism 'virulence test'. All fungi were grown on PDA (potato dextrose agar, BD, Sparks, MD, USA) at 20 °C.

Nucleic acid preparation and sequencing {#s4-2}
---------------------------------------

Genomic DNA of *C. minitans* was extracted from 4 day-old mycelia of strain ZS-1 following the protocol described in the handbook of the DNeasy Plant Kit (Cat. 69104, Qiagen, Germany). The genomic DNA was further purified using the magnetic beads method at Beijing Genomics Institute (BGI, Shenzhen, PR China) for preparing the DNA libraries.

The genomic DNA was sequenced by Illumina HiSeq 2500 sequencing (Illumina, CA, USA) and PacBio RS II sequencing (Pacific Biosciences, CA, USA) platforms at BGI. A total of three libraries (one sequenced by our lab in 2008) were used for genome analysis: a 500 bp paired-end shotgun library and one 6 Kbp mate-pair library for Illumina platform, and one 20 Kbp library for PacBio RS II (Table S1, available in the online version of this article).

In addition, 15 RNA-seq libraries corresponding to the growth and development stages of *C. minitans* ZS-1 were used to generate transcripts for helping the prediction of gene models. Conidia were collected from PDA slants and washed with sterilized water twice to remove culture residues. A total of 400 µl of conidial suspension at 10^6^ ml^−1^ was evenly spread on each PDA plate covered with cellophane. To provide evidence for the genes predicted in *C. minitans* ZS-1, samples of *C. minitans* at different growth stages, namely, mature conidia (0 h), conidial germination (24 h), early hyphal growth (36 h), hyphal growth (48 h), and pycnidia formation (72 h), were collected, quickly frozen in liquid nitrogen and stored at −80 °C for RNA extraction, with three biological replicates for each sample. All 15 RNA samples were used to make the sequencing libraries and analysed via an Illumina HiSeq 2500 sequencer with a read length of PE150 (150 bp paired-end reads) at BGI.

To extract RNA of *C. minitans* interacting with *S. sclerotiorum*, the conidia of strain ZS-1 were shaken at 20 °C in PDB (final concentration: 10^6^ conidia ml^−1^) at 100 r.p.m. for 36 h, washed with sterilized water for three times and resuspended in an equal volume of water. The germinated conidial suspension was spread on a 24-h-old colony of *S. sclerotiorum* growing on PDA covered with cellophane. The mixed mycelial samples were collected immediately \[as 0 h post-inoculation (h p.i.)\], 4 h p.i. and 12 h p.i., and RNA was extracted using RNA reagent (NewBio Industry, Tianjin, PR China) following the manufacturer\'s instructions. Each mixed RNA sample of the three interaction points were sequenced on an Illumina HiSeq 2000 with 49 bp of single-end reads at BGI, respectively. Complementary DNA (cDNA) was synthesized and 23 genes were detected to verify the transcriptome using quantitative reverse transcription PCR (qRT-PCR) with primer pairs listed in Table S7.

Genome assembly {#s4-3}
---------------

The sequencing reads of *C. minitans* ZS-1 were assembled using SOAPdenovo2 (SOAPdenovo2, RRID: SCR_014986) \[[@R41]\] genome assembler with the 6 Kbp mate-pair library data. The most complete preassembly with the largest N50 contig size and the lowest number of the contigs was assembled as the initial assembly (Version1.0). The GapCloser v1.12 (GapCloser, RRID: SCR 015026) was used to fill gaps into Version1.0 with the 500 bp paired-end library data; then the contigs were linked to the assembled genome scaffolds using the software SSPACE (SSPACE, RRID: SCR_005056) with the PacBio library data \[[@R42]\]. The scaffolds of the initial assembly were compared against the NCBI NT database (17 August 2016) (<ftp://ftp.ncbi.nlm.nih.gov/blast/db/>) for removing the contamination by bacteria. Omission of assembly scaffolds less than 1 Kbp, the genome assembly of *C. minitans* ZS-1 was obtained.

Genome annotation {#s4-4}
-----------------

Gene predictions on the masked genome were performed using both transcript mapping-based and *ab initio* methods. ***Transcript mapping-based methods*:** Transcripts were generated by first mapping the RNA-seq reads to the assembled genome using Hisat2 (Hisat2, RRID: SCR_015530) \[[@R44]\], and SAMtools (Samtools, RRID: SCR_002105) \[[@R45]\] was used to convert the sam files to bam files. A set of transcripts was generated by Cufflinks (Cufflinks, RRID: SCR_014597) with the mapping data \[[@R46]\]. Unmapped reads from the 15 RNA libraries were *de novo* assembled using Trinity (Trinity, RRID: SCR_013048) \[[@R47]\]. Then, the Cufflinks transcripts and Trinity-assembled transcripts were combined to get an initial gene model (GeneModel v1.1). The second gene model (GeneModel v1.2) was performed based on the RNA-seq using the program to assemble spliced alignments (PASA) (PASA, RRID: SCR_014656) \[[@R48]\]. ***Ab initio methods*:** GeneMark (GeneMark, RRID: SCR_011930) \[[@R49]\] was used to generate a set of gene models (GeneModel v2.1). The bam mapping file generated by TopHat v2.1.1 (TopHat, RRID: SCR_013035) \[[@R51]\] was used to generate an intron/exon hint file. The file was used to predict another gene model (GeneModel v2.2) using Augustus v3.2.3 (Augustus, RRID: SCR_008417). Gene model evidence from RNA-seq-based (GeneModel v1.1 and GeneModel v1.2) and *ab initio* methods (GeneModel v2.1 and GeneModel v2.2) were imported into the EVidenceModeler package (EVidenceModeler, RRID: SCR_014659) \[[@R52]\] for consensus gene model predictions. Higher weight was given to the RNA-seq alignment predictions than to the *ab initio* predictions. The RNA-seq data were mapped to the repeat-masked genome and used to update the set of gene models using PASA. Genes with 150 nt or more were retained for subsequent analysis. After removing duplicated sequences using [blast]{.smallcaps}2GO ([blast]{.smallcaps}2GO, RRID: SCR_005828), artificial intelligence error correction of the final predicted genes was performed using WebApollo (WebApollo: a web-based sequence annotation editor for community annotation, RRID: SCR_005321) \[[@R53]\] with evidence of gene prediction.

Functional annotation {#s4-5}
---------------------

Non-redundant (Nr) annotation, gene ontology, GO-Slim (the high-level subset of GO) and InterPro classification were performed using [blast]{.smallcaps}2GO (version 5.1) with default parameter settings \[[@R54]\]. Protein sequences of *C. minitans* were annotated against databases of UniProtKB/Swiss-Prot database (RRID: SCR 004426) \[[@R55]\], KOG (KOG: Phylogenetic Clusters of Orthologous Groups Ranking, RRID: SCR_008223) \[[@R56]\] using NCBI+[blastp]{.smallcaps} ([blastp]{.smallcaps}, RRID: SCR_001010) with an e-value cutoff of 1e^−5^. All the predicted proteins were searched in profile hidden Markov models of CDD (updated 28 March 2017) (CDD: Conserved Domain Database, RRID: SCR_002077) \[[@R57]\] and Pfam domains (protein families and domains; Pfam 31, 16 712 families) (Pfam, RRID: SCR_004726) \[[@R58]\] under HMMER v3.2.1 (Hmmer, RRID: SCR_005305). All matches with e-value cutoff of 1e^−10^ and coverage ≥0.4 were accepted. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analyses were conducted using the KAAS online webserver with the BBH (bi-directional best hit) method (<https://www.genome.jp/kegg/kaas/>) \[[@R59]\].

Analysis of differentially expressed genes (DEGs) {#s4-6}
-------------------------------------------------

Raw RNA data from the three interactional libraries were generated by Illumina HiSeq 2000 sequencing. Adaptors, reads with more than 10 % unknown bases and low-quality reads (quality value ≤5 of a read) were removed from the raw reads to obtain the clean reads (Table S2). The clean reads were mapped onto the *C. minitans* genome using Tophat with a bowtie2 index \[[@R46]\]. Mismatches of no more than two bases were allowed in the alignment. The gene-expression level was calculated using the RPKM method (reads per kb per million reads) \[[@R60]\].

A method described in 'The significance of digital gene expression profiles' \[[@R61]\] was used to screen for DEGs. We used false discovery rate (FDR)≤0.001 and the absolute value of log~2~ ratio≥1.5 as the threshold to judge the significance of gene-expression differences.

Three groups of RPKM-based gene-expression data were obtained from the three mixed RNA-seq libraries involving *C. minitans* in this research. The three libraries, CmSs0h, CmSs4h and CmSs12h, represented the gene expression of *C. minitans* at the 0, 4 and 12 h stages of mycoparasitism with *S. sclerotiorum*, respectively. Gene-expression data of *C. minitans* in CmSs0h, CmSs4h and CmSs12h with clean reads ≥10 at any one of the time points during the mycoparasitism stage of *C. minitans* with *S. sclerotiorum* were retained. Based on the gene RPKM, a series of comparison groups were generated to analyse the mycoparasitism genes at the primary interaction stage. We examined the DEGs in *C. minitans* at different interaction stages and three comparisons were conducted: CmSs0-4, DEGs at the stage of 4 h (CmSs4h) versus 0 h (CmSs0h); CmSs0-12, DEGs at the stage of 12 h (CmSs12h) versus CmSs0h; and CmSs4-12, DEGs in CmSs12h versus CmSs0h. The significant DEGs of different interaction stages are listed in Table S3.

The RNA-seq clean reads from the 15 RNA libraries (described in Nucleic acid preparation and sequencing) at five different growth stages of *C. minitans* were obtained and mapped to the *C. minitans* genome using the same methods described above. The expression levels of transcripts were calculated based on transcripts per million (t.p.m.). The DEGs between samples were analysed using DESeq (Version 1.12.4). The DEGs with a \|log2ratio\|≥2 and FDR≤0.001 were considered statistically significant. Compared to the mature conidia (0 h), the significant DEGs during the spore production process of the pycnidial formation (72 h) are listed in Table S4.

Orthologous protein analysis {#s4-7}
----------------------------

All the proteins of the detected species were downloaded from NCBI or JGI. We used the OrthoMCL DB v2.0.9 (OrthoMCL DB: Ortholog Groups of Protein Sequences, RRID: SCR_007839) \[[@R62]\] to identify orthologous protein clusters between *C. minitans* and 38 genomes of other ascomycete fungi (genomes detail information in Table S5).

Orthologous protein groups were picked from the above results of the Cm group (including *C. minitans* ZS-1 and *P. sporulosa*), Tr group (including three biocontrol *Trichoderma* spp. of *T. atroviride*, *T. harzianum* and *T. virens*), and Pa group (including the host fungi *S. sclerotiorum* and *S. borealis*, three non-host fungi of plant pathogens *Botrytis cinerea* BcDW1/B05.10/T4, and two necrotrophic plant pathogenic fungi (*Phaeosphaeria nodorum* N15 and *Pyrenophora tritici-repentis* Pt-1C-BFP) (identified orthologous clusters are listed in Table S6).

Identification of carbohydrate-active enzymes (CAZymes) {#s4-8}
-------------------------------------------------------

We took into account all presented CAZyme classes: glycoside hydrolases (GH), glycoside transferase (GT), polysaccharide lyases (PL), carbohydrate esterases (CE), auxiliary redox enzymes (AA) and carbohydrate-binding modules (CBM). Genomes of *C. minitans* and the other 38 fungi were screened for CAZymes. NCBI [blastp]{.smallcaps} and dbCAN server (dbCAN, RRID: SCR_013208) \[[@R63]\] were conducted against the sequence libraries and profiles in the CAZy database (<http://www.cazy.org/>) (CAZy-Carbohydrate Active Enzyme, RRID: SCR_012909). All positive matched hits with e-value≥1e^−15^ and coverage less than 0.5 were examined manually for final prediction. Fungal and plant cell-wall-degrading enzymes (CWDEs) were classified based on the active domains in the CAZy database following Zhao *et al*. and Lyu *et al*. \[[@R64]\]

MFS and ABC transporter proteins of *C. minitans* {#s4-9}
-------------------------------------------------

The transporter classification database (TCDB) (TCDB, RRID: SCR_004490) \[[@R66]\] is a class database of transporters and in the current version, the transporter proteins were classified into 1345 families based on phylogenetic, sequence, structural and functional analyses in TCDB using the Transporter Classification (TC) system. All the predicted proteins in *C. minitans* were blasted against the TCDB with the diamond blastp program (Diamond, RRID: SCR_009457) \[[@R68]\] with a high scoring pair (HSP) with an expectation value (e-value) cutoff of 1e^−5^. The query coverage was set as ≥50 %, and the identity level was set at ≥20 %. The [blast]{.smallcaps} results were scanned with TMHMM server v.2.0 (TMHMM server, RRID: SCR_014935) \[[@R69]\] with ≥10 transmembrane helices (TMHs).

Identification of secondary metabolite biosynthesis gene clusters {#s4-10}
-----------------------------------------------------------------

Identification of secondary metabolite biosynthesis gene clusters was carried out using the genome assemblies and annotation files of *C. minitans* and 11 other genomes: *P. sporulosa*, *P. tritici-repentis*, *P. nodorum*, *S. sclerotiorum*, *S. borealis*, *B. cinerea* B05.10, *B. cinerea* BcT4, *B. cinerea* BcDW1, *T. atroviride*, *T. harzianum* and *T. virens*. The ClusterFinder algorithm of antiSMASH fungal (version 4.0) with the default parameters was used to predict the secondary metabolite-encoding gene clusters \[[@R70]\]. The gene clusters of PKS and NRPS were investigated based on the prediction results. Combination with the functional annotation, the identified putative clusters of unknown type (cf_putative) were predicted and confirmed with amino acid similarity using NCBI+[blastp]{.smallcaps} program.

Secretome prediction {#s4-11}
--------------------

Protein sequences with extracellular secretory signals were predicted using SignalP 4.1 (SignalP, RRID: SCR_015644) \[[@R71]\] with the default settings for eukaryotic organisms. Proteins were considered to be secreted if the signal peptide probability was greater than or equal to 0.9 and a cleavage site was within the first approximately 25 amino acids. These predictions were further refined using TargetP v1.1 with a non-plant program and default cutoff parameters \[[@R73]\], and candidate secreted proteins predicted to target the mitochondrion were discarded. Subsequently, these candidate secreted proteins were checked for transmembrane domains using TMHMM v.2.0 \[[@R69]\] and compared by WoLF PSORT (WoLF PSORT, RRID: SCR_002472) \[[@R75]\] with the weighted k-nearest neighbour classifier \>15. Putative small secreted proteins (SSPs), which were also considered effector-like proteins, were predicted as no more than 300 amino acids long and no less than 4 % cysteine content.

Construction of effector-like encoding gene vectors and transformation of *S. sclerotiorum* {#s4-12}
-------------------------------------------------------------------------------------------

In order to examine the influence of these effector-like proteins, full-length sequences of four effector genes, *CMZSB_03902*, *CMZSB_06513*, *CMZSB_08537* and *CMZSB_09504*, with or without signal peptides, were transformed into *S. sclerotiorum* strain 1980 mediated by *[Agrobacterium](http://doi.org/10.1601/nm.1310)* as described by Yu *et al*. \[[@R76]\]. Primer sequences are listed in Table S7. The colony morphology of the transformants was observed after culturing on PDA at 20 °C, and the radial growth was measured using the cross method.

Quantitative reverse transcription PCR (qRT-PCR) {#s4-13}
------------------------------------------------

RNA of *C. minitans* parasitizing *S. sclerotiorum* at 0, 4 or 12 h p.i. was prepared and cDNA synthesis was conducted according to protocol (*EasyScript* cDNA synthesis kits, TransGen Biotech, Beijing, PR China). qRT-PCR experiments were performed with gene-specific primers (Table S7) using iTaq Universal SYBR Green Supermix (Bio-Rad, CA, USA) and a CFX96 Real-Time PCR detection system (Bio-Rad, CA, USA). The *actin* gene sequence of *C. minitans* was chosen as the internal control. The qRT-PCR was carried out in triplicate with a reaction mixture of total volume 20 µl containing 10 µl of 2×SYBR Green Supermix, 1 µl of 1 : 10 diluted cDNA, 0.5 µl each of the forward and reverse primer, and 8 µl of DEPC-H~2~O. The PCR involved three steps: 95 °C for 3 min, followed by 42 cycles at 95 °C for 10 s, 56 °C for 10 s and 72 °C for 25 s. The analysis was based on the Cq values of the PCR products. Melting curve analysis of the products was performed at the end of each PCR amplification. The Cq values for the comparison between the amplified genes and actin gene (ΔCq) were calculated. The expression level of the target genes was then calculated as the normalized expression (ΔΔCq).

RESULTS {#s5}
=======

General features of the *C. minitans* genome assembly {#s5-1}
-----------------------------------------------------

The DNA of *C. minitans* strain ZS-1 was sequenced on the Illumina and PacBio platforms at BGI, and the genome sequence was assembled using SOAPdenovo2 \[[@R41]\]. In all, the data provided an average of 80-fold sequence coverage of the genome (Table S1). The resulting assembly length was 38.7 Mb across 2575 contigs, and the N50 length was 64 002 bp. The contigs were assembled into 350 scaffolds that were longer than 1 kb with a total length of 39.8 Mb (including gaps between contigs) using SSPACE \[[@R42]\], and the final N50 length was 653 176 bps ([Table 1](#T1){ref-type="table"}).

###### 

Features of the *C. minitans* genome assembly

  Genome feature                           *Coniothyrium minitans* ZS-1
  ---------------------------------------- ------------------------------
  Size (bp, draft)                         39,772,940
  No. of scaffolds                         350
  Scaffold N50 length (bp)\*               653,176
  G+C content                              51.70%
  Scaffold minimum length (bp)             1007
  Scaffold maximum length/bp               1,862,540
  Total gene size (bp)                     22,430,464
  Protein-coding genes                     11 437
  Average coded protein length (AA)        481
  Predicted proteins with signal peptide   1171

\*Scaffold N50, scaffold length at which 50 % of total bases in the assembly are in scaffolds of that length or greater.

Prediction of the coding proteins and functional analysis of *C. minitans* {#s5-2}
--------------------------------------------------------------------------

Based on further analysis and RNA-seq expression data, 11 437 protein-coding genes (11 146 longer than 100 amino acids) were predicted, and all proteins had an average length of 481 amino acids ([Table 1](#T1){ref-type="table"}). Similarity analysis of protein sequence or structure was performed against Nr, InterPro, KOG, CDD, KEGG, Pfam, GO-Slim, GO ontology and UniProtKB/Swiss-Prot, and significant differences were found (Fig. S1). A total of 3193 proteins were annotated against CDD, while 10 884 (95.0 %) of the predicted proteins matched the local Nr database (updated on 20180717) with an e-value cutoff of 1e^−10^, and 32 364 [blast]{.smallcaps} hits were returned with no more than three hits mapped for each protein. The distributions of the [blast]{.smallcaps} hits with Nr annotation were determined, and the similarity distribution indicated that 61.1 % of predicted genes of *C. minitans* had over 80.0 % similarity to proteins of other fungal species ([Fig. 1a](#F1){ref-type="fig"}). A total of 30.8 % of the protein [blast]{.smallcaps} hits mapped to protein sequences from the closely related *P. sporulosa* AP3s5-JAC2a, which is saprophytic on wood and exhibits biocontrol ability by nutrient and niche competition \[[@R77]\]. Altogether 12.0 % mapped to proteins from *Periconia macrospinosa*, a 'dark septate endophytic' fungus \[[@R79]\], and 11.5 % matched the proteins of *Corynespora cassiicola*, an endophyte, saprobe or necrotrophic plant pathogen \[[@R80]\]. Five percent matched proteins of *Clohesyomyces aquaticus*, a saprotrophic fungus originally isolated from submerged wood \[[@R81]\], while 4.5 % matched proteins similar to sequences of *Pyrenochaeta* sp. DS3sAY3a, which plays a role in the bioremediation of metal-polluted environments due to the oxidation of manganese (Mn) compounds \[[@R77]\]. Overall, 4.3 % matched proteins of *Alternaria alternata*, a worldwide plant pathogen known to perform lignocellulose degradation and Mn(II) oxidation \[[@R77]\] ([Fig. 1b](#F1){ref-type="fig"}, Table S8).

![Non-redundant (Nr) classification analysis of the encoded proteins in the genome of *C. minitans* ZS-1. (a) and (b) represent the similarity distribution and species distribution of the Nr annotation based on the [blast]{.smallcaps} hit number, respectively. Parsp1, *P. sporulosa*; Perma1, *P. macrospinosa*; Corca1, *C. cassiicola* Philippines; Cloaq1, *C. aquaticus*; PyrDS1, *Pyrenochaeta* sp. DS3sAY3a; Altal1, *Alternaria alternate*; StaSR1, S*tagonospora* sp. SRC1lsM3a; Ascra1, *Ascochyta rabiei*; Epini1, *Epicoccum nigrum*; Parno2, *Parastagonospora nodorum*; Stely1, *Stemphylium lycopersici*, Pyrtr1, *Pyrenophora tritici-repentis*; other, the rest of the 185 species matched five or more [blast]{.smallcaps} hits (Table S8).](mgen-6-345-g001){#F1}

Mycoparasitic DEG identification of *C. minitans* and qRT-PCR verification {#s5-3}
--------------------------------------------------------------------------

Three RNA libraries from different stages of *C. minitans* induced by *S. sclerotiorum* at 0, 4 and 12 h p.i. resulted sequences approximately 26.4, 42.3 and 37.7 % were mapped on the genome of *C. minitans* ZS-1, respectively (detail information presented in Table S2).

The number of DEGs increased along with the early mycoparasitic process on *S. sclerotiorum*. Compared to 0 h p.i., 685 and 974 DEGs were identified at 4 h p.i. (CmSs0-4) and 12 h p.i. (CmSs0-12) at level of \|log~2~Ratio\|≥1.50 and FDR≤0.001 ([Fig. 2a, b](#F2){ref-type="fig"}). More DEGs were up-regulated than down-regulated in each comparison group ([Fig. 2b](#F2){ref-type="fig"}). Among the DEGs of 12 h p.i. compared to 4 h p.i. (CmSs4-12), 18 DEGs were common in all the three comparison groups ([Fig. 2c](#F2){ref-type="fig"}). The up-regulated DEGs were enriched in the functions of binding (including ion binding, drug binding, small molecular binding, and heterocyclic compound binding) and hydrolase activity (GO:0016787), and also mapped to the biological processes of response to stimulus (GO:0050896), biological regulation (GO:0065007), cell communication (GO:0007154), establishment of localization (GO:0051234), heterocycle biosynthesis (GO:0018130) and transport processes (including transport, ion transport, and lipid transport); while no enrichment was observed for the down-regulated DEGs.

![Statistical analysis of DEGs in *C. minitans* induced by hyphae of *S. sclerotiorum* and confirmation of the gene-expression pattern of the DEGs using qRT-PCR. (a) Based on the RPKM value, the heatmap of all the DEGs detected of *C. minitans* at the early stages with 0, 4 and 12 h induced by *S. sclerotiorum*. The detailed DEG list is presented in Table S3. (b) The statistical number of the up-regulated and down-regulated DEGs in the comparison pairwise of 4 h p.i. (CmSs0-4) and 12 h p.i. (CmSs0-12) to the control set of 0 h p.i. and 12 h p.i. to 4 h p.i. (CmSs4-12). (c) The common and particular DEGs in comparison groups of CmSs0-4, CmSs0-12 and CmSs4-12. (d) Confirmation of gene-expression pattern in *C. minitans*. Mycelial RNA of *C. minitans* parasitizing on *S. sclerotiorum* at 0, 4 or 12 h p.i. was used. The black bars represent the RPKM value of the genes in RNA-seq and the bars in grey shades show the qRT-PCR results of the DEGs. Error bars indicate the standard deviation of three replicates.](mgen-6-345-g002){#F2}

Five known mycoparasitism-related genes and seven abundantly expressed genes were selected for confirmation using qRT-PCR ([Fig. 2d](#F2){ref-type="fig"}). The expression of genes *Cmg*1, *CMZSB_00006*, *CMZSB_01746* and *CMZSB_10353* increased successively throughout the early parasitic process on hyphae of *S. sclerotiorum*. While the genes *CMZSB_10096* and *CMZSB_11219* were up-regulated at 4 h p.i. but decreased at 12 h p.i. In our analysis, the chitinase encoding gene *CH1* showed decreased expression during the early mycoparasitism stages and low abundance detected in RNA-seq ([Fig. 2d](#F2){ref-type="fig"}). The gene-expression patterns by qRT-PCR were consistent with the RNA transcriptome.

Carbohydrate-active enzymes (CAZymes) in *C. minitans* {#s5-4}
------------------------------------------------------

The distribution of each predicted CAZyme family was conserved in the analysed fungal genomes from the same order or with similar nutrition types. The CAZyme families predicted in *C. minitans*, along with other fungal genomes from the order Pleosporales, were grouped into a cluster using principal component analysis (PCA), and the fungi from Hypocreales, Helotiales and Erysiphales were also placed into corresponding groups ([Fig. 3a](#F3){ref-type="fig"} and Table S9). *Magnaporthe grisea*, *Fusarium graminearum* and *Aspergillus nidulans* from different fungal orders were grouped into a cluster. Not considering the number of carbohydrate-binding modules (CBMs), *C. minitans* encoded 434 catalytic protein modules in CAZymes, which is a moderate number compared with the other 38 tested species in our analysis (Table S10). The number of modules was lower than those in the two phylogenetically nearest fungi, *P. sporulosa* (556) and *Karstenula rhodostoma* (507) and higher than the average level (380) of the three species in *Trichoderma* and two species in *Sclerotinia*. GO analysis showed that the CAZyme protein-coding genes were annotated with functions of catalytic activity (GO: 0003824), carbohydrate-binding (GO: 0030246), transferase activity (GO: 0016757 and GO: 0016758), hydrolase activity (GO: 0016787) (*P*≤0.05), cell-wall biosynthesis (GO: 0071554) (*P*≤0.05) and metabolic process (GO: 0008152) (*P*≤0.05) (Table S11).

![Comparison of CAZymes encoded in *C. minitans* ZS-1 and other 38 ascomycetes. (a) Multivariate grouping of ascomycete fungal genomes based on the protein number profiles of predicted CAZyme families using PCA. The CAZyme proteins from the fungal genomes were identified against the CAZy database. A number list of all CAZyme proteins in each genome is shown in Table S10. (b) Orthologous analysis of PCWDE-related protein comparison of *C. minitans* (Cm) with *Trichoderma* spp. (Tr) and seven plant pathogenic fungi (Pa); (c) PCWDE-related protein comparison of Cm with Tr and Pa. Orthologous groups were determined among the CAZymes encoded in the genomes of *C. minitans*, three *Trichoderma* spp. (*T. atroviride*, *T. harzianum* and *T. virens*) and seven plant pathogenic fungi (*S. sclerotiorum* strain 1980, *S. borealis*, *B. cinerea* strain DW1, *B. cinerea* strain B05.10, *B. cinerea* strain BcT4, *P. nodorum* strain SN15, and *P. tritici-repentis* strain Pt-1C-BFP) (details in Table S6). P(F)CWDEs, plant (fungus) cell-wall-degrading enzymes. Cm, CAZyme orthologous groups related to the cell wall in *C. minitans*; Tr, CAZyme groups related to cell wall encoded in *Trichoderma* spp.; Pa, CAZyme orthologous groups encoded by the seven plant pathogenic fungi genomes.](mgen-6-345-g003){#F3}

*C. minitans* encodes 118 PCWDEs distributed in 26 families of CAZymes, which is less than its phylogenetically related fungus *P. sporulosa* (170 PCWDEs in the same 26 families) and more than *Trichoderma* spp. (average of 55 in 22 families), *Sclerotinia* spp. (78 in 21 families) and *Botrytis* spp. (101 in 22 families). Ten glycoside hydrolases and five polysaccharide lyases were specifically present in *C. minitans*, while 13 and 46 unique orthologous groups were present in *Trichoderma* spp. and plant pathogenic fungi, respectively. A total of 54 unique orthologous groups (including 58 proteins of *C. minitans*) were shared by *C. minitans* and the other plant pathogenic fungi analysed. One orthologous group protein encoding a predicted endo-1,4-beta-xylanase (in the GH43 family) was identified only in *C. minitans* and *Trichoderma* spp., while 13 specific orthologous groups were commonly present in *Trichoderma* spp. and the other pathogens ([Fig. 3b](#F3){ref-type="fig"}). These results suggest that *C. minitans* also has the potential to break down complex components of plant cell walls.

*C. minitans* encodes 64 FCWDEs belonging to 14 GH families in CAZymes. *C. minitans* has thus fewer FCWDEs than *T. atroviride* (89), *T. harzianum* (97) and *T. virens* (97). However, the plant pathogenic fungi also have a similar number of FCWDE families to *C. minitans*. Comparing the FCWDE families of *C. minitans* with those of the selected plant pathogenic fungi (seven fungi) and *Trichoderma* spp. (three species), most orthologous groups of *C. minitans* were shared with either *Trichoderma* spp. or plant pathogenic fungi, while four unique orthologous groups (four proteins) were found only in *C. minitans* (Table S6). These four orthologous groups encode glycoside hydrolase family 16 protein (GH16), concanavalin A-like lectin/glucanase (GH16), GPI-anchored cell wall beta-1,3-endoglucanase (GH17) and glycoside hydrolase (GH20). Interestingly, there were three orthologous groups shared by *C. minitans* and *Trichoderma* spp., while not existing in the tested plant pathogenic fungi ([Fig. 3c](#F3){ref-type="fig"}). These three orthologous groups encoded four proteins: two hexosaminidases (GH20), a glycoside hydrolase (GH25) and a putative exo-beta-1,3-glucanase (GH55). Interestingly, *C. minitans* and plant pathogenic fungi shared 47 orthologous groups of FCWDEs (57 proteins) ([Fig. 3c](#F3){ref-type="fig"}).

Out of 64 genes encoding FCWDE, 45 were expressed and the expression of 17 genes were significantly changed at 4 or 12 h p.i. as compared to 0 h p.i. Most genes predicted encoding GH families were up-regulated ([Fig. 4a](#F4){ref-type="fig"}), while only one gene *CMZSB_08720* distributed in all the fungi tested, was significantly down-regulated. However, the expression of the four unique FCWDEs and three *Trichoderma*-shared FCWDEs was not significantly altered. Expression of eight FCWDE encoding genes were examined by qRT-PCR and the patterns were consistent with the interactional transcriptome ([Fig. 4b](#F4){ref-type="fig"}). Interestingly, PCWDE expression in *C. minitans* was also significantly changed (Fig. S2). These results suggest that cell-wall-degrading enzymes may play important roles during the early interaction of *C. minitans* and its host.

![Expression of FCWDEs in the CAZymes detected during mycoparasitism. (a) The FCWDE-encoding genes among the DEGs of *C. minitans* induced by the hyphae of *S. sclerotiorum* at the early mycoparasitism time points of 0, 4 and 12 h. (b) Quantitative RT-PCR amplification of FCWDE-encoding DEGs of *C. minitans*. The black lines represent the RPKM value of the genes in RNA-seq and the bars show the qRT-PCR results of the DEGs. Error bars indicate the standard deviation of three replicates.](mgen-6-345-g004){#F4}

MFS and ABC transporters in *C. minitans* {#s5-5}
-----------------------------------------

The major facilitator superfamily (MFS) and the ATP-binding cassette (ABC) primary transporter superfamily are the most ubiquitous transporters in fungi and other organisms \[[@R82]\]. Based on the transporter classification databases (TCDB), the transporters of the MFS and ABC superfamilies were identified in *C. minitans* and 11 other fungal genomes.

A total of 284 predicted MFS transporters of 25 classes were identified in the genome of *C. minitans*. Sugar Porter (SP), Drug: H+Antiporter-1 (12 Spanner) (DHA1), Anion: Cation Symporter (ACS), and Drug: H+Antiporter-2 (14 Spanner) (DHA2) were the most abundant MFSs in all the analysed genomes, including the plant pathogens *Sclerotinia* spp., *B. cinerea*, *Parastagonospora nodorum* and *Pyrenophora tritici-repentis*, and the biocontrol fungi *Trichoderma* spp. Ten orthologous MFS transporters were present in *C. minitans* and *Trichoderma* spp. and lacking in plant pathogenic fungi (Pa). In addition, 32 orthologous transporters, including five sugar porters, four monocarboxylate transporters (MCT), nine Anion: Cation symporters, seven Drug: H+antiporter-1 (DHA-1), four Drug: H+antiporter-2 (DHA-2) and three N-acetylglucosamine transporters (NAG-T), were unique to *C. minitans* ([Fig. 5a](#F5){ref-type="fig"}, Table S12).

![Distribution of the MFS transporters in the *C. minitans* ZS-1 genome and the DEGs involved in mycoparasitism. (a) Orthologous proteins groups distribution of SP, ACS, DHA1, DHA2, MCT and NAG-T in MFS transporters in three groups of Cm, Tr and Pa. (b) Gene expression of MFS transporters, which detected significantly changed during the mycoparasitism stages of 0, 4 and 12 h, respectively, in *C. minitans*. SP: Sugar Porter Family, ACS: Anion:Cation Symporter Family, DHA1: Drug:H+Antiporter-1 (12 Spanner) Family, DHA2: Drug:H+Antiporter-2 (14 Spanner) Family, MCT: Monocarboxylate Transporter Family, NAG-T: N-Acetylglucosamine Transporter Family, FHS: Fucose: H+Symporter Family, PHS: Phosphate: H+Symporter Family, OCT, Organic Cation Transporter Family, V-BAAT, Vacuolar Basic Amino Acid Transporter Family, SIT: Siderophore-Iron Transporter Family, LplT: Lysophospholipid Transporter Family, NNP: Nitrate/Nitrite Porter family, UMF1: Unidentified Major Facilitator-1 Family, LAT3: [l]{.smallcaps}-Amino Acid Transporter-3 Family, UMF12: Unidentified Major Facilitator-12 Family, UMF23: Unidentified Major Facilitator-23 Family, MHS: Metabolite:H+Symporter Family, SHS: Sialate:H+Symporter Family, FLVCR: Feline Leukemia Virus Subgroup C Receptor/Heme Importer Family, DCP: Major Facilitator Superfamily Domain-containing Protein 5 Family, Pl-Cu-UP: Plant Copper Uptake Porter, UMF30: Unidentified Major Facilitator-30 Family, YnfM: Acriflavin-sensitivity Family, PAT: Peptide/Acetyl-Coenzyme A/Drug Transporter Family, OFA: Oxalate:Formate Antiporter Family, ACDE: Aromatic Compound/Drug Exporter Family, PCFT/HCP: Proton Coupled Folate Transporter/Heme Carrier Protein Family, Pht: Proteobacterial Intraphagosomal Amino Acid Transporter Family. Sclsc2, *S. sclerotiorum* strain 1980; Sclbo1, *S. borealis*; BcDW1, *B. cinerea* strain DW1; B05.10, *B. cinerea* strain B05.10; BcT4, *B. cinerea* strain T4; Parno2, *P. nodorum* strain SN15; Pyrtr1, *P. tritici-repentis* strain Pt-1C-BFP; Triat2, *T. atroviride*; Triha1, *T. harzianum*; Trivi2, *T. virens*; CMZSB, *C. minitans* strain ZS-1 (this research); Parsp1, *P. sporulosa*. Cm, orthologous groups of MFS transporters in *C. minitans*; Tr, orthologous groups of MFS transporters in *Trichoderma* spp.; and Pa, orthologous groups of MFS transporters in plant pathogenic fungi.](mgen-6-345-g005){#F5}

A total of 185 MFS transporter genes were detected during mycoparasitism at 4 h p.i. and 12 h p.i. to 0 h p.i., and 71 MFS transporters showed significant changes in expression ([Fig. 5b](#F5){ref-type="fig"}). Among the 71 genes, 69 were up-regulated, while only a predicted siderophore-iron transporter (Sit) gene (*CMZSB_02788*) and a putative Fucose: H+Symporter (FHS) gene (*CMZSB_00290*) were down-regulated. These results indicate that MFS transporters likely play an important role during the early stage of mycoparasitism. Nine of the 15 MCT protein-encoding genes in *C. minitans* were detected as expressed during the early stages of mycoparasitism. Among these nine genes, four were significantly up-regulated, and one was down-regulated. The results suggest the involvement of MCT in the biocontrol event.

Fifty-one ABC transporters in 13 subfamilies were predicted in *C. minitans*, which is similar to *P. sporulosa* (52), *S. sclerotiorum* (49) and *T. atroviride* (51), while the numbers were 44, 47 and 43 in *S. borealis*, *P. nodorum* and *P. tritici-repentis*, respectively. The numbers of ABC transporters in *B. cinerea* B05.10, *B. cinerea* BcDW1, *T. virens* and *T. harzianum* were 65, 56, 66 and 64, respectively (Table S13). No orthologous ABC transporters were only shared between *C. minitans* and *Trichoderma* spp., while 23 transporters were present in all the fungi tested ([Fig. 6a](#F6){ref-type="fig"}). This suggested that *C. minitans*, *Trichoderma* spp. and the plant pathogenic fungi analysed share a similar transporter distribution of the ABC superfamily, or the function of ABC transporters is conserved in different fungi. *C. minitans* has seven HMTs (heavy metal transporters), which is almost twice as many as the other 11 fungi analysed. Group 2983 (TC 3.A.1.210.1), group 494 (TC 3.A.1.210.2) and group 242 (TC 3.A.1.210.2) were present in all fungi analysed, while *CMZSB_03503* (TC 3.A.1.210.2) of group 12899, *CMZSB_09545* (TC 3.A.1.210.2) and *CMZSB_11035* (TC 3.A.1.210.7) were specific to *C. minitans* (Table S6).

![Orthologous proteins analysis of ABC family transporters in *C. minitans* and related fungal genomes. (a) Analysis of orthologous groups of ABC transporters in *C. minitans*, *Trichoderma* spp. and plant pathogenic fungi. (b) Identified DEGs of transporters during the early stages of mycoparasitism. PDR: Pleiotropic drug resistance, EPP: Eye pigment precursor transporter, Gld: Gliding motility ABC transporter, CPR: Cholesterol/phospholipid/retinal flippase, TauT: Taurine Uptake Transporter, U-ABC1: Unknown-ABC1, DrugE1: Drug exporter-1, BIT: Brachyspira Iron Transporter, B12-P: Cobalamine Precursor, PepT: Peptide/Opine/Nickel Uptake Transporter, PAAT: Polar Amino Acid Uptake Transporter, EVE: Ethyl Viologen Exporter, STE: a-Factor sex pheromone exporter, MPE: Mitochondrial peptide exporter, P-FAT: Peroxysomal fatty acyl CoA transporter, HMT: Heavy metal transporter, DCT: Drug conjugate transporter, MDR: Multidrug resistance exporter, DrugRA1: Drug resistance ATPase-1, DrugRA2: Drug resistance ATPase-2. The species-specific proteins encoding genes expression in *C. minitans* was represented of the black triangle; the blue box represented the gene of ABC transporters of the shared orthologous groups of *C. minitans* with *Trichoderma* spp. (c) qRT-PCR valued the DEGs of three ABC transporters encoding genes. 0, 4 h and 12 h p.i. represent different mycoparasitic time points of *C. minitans* parasitizing on the hyphae of *S. sclerotiorum*. The black lines represent the RPKM value of the genes in RNA-seq and the bars show the qRT-PCR results of the DEGs. Error bars indicate the standard deviation of three replicates.](mgen-6-345-g006){#F6}

Thirty-six of the 51 predicted ABC transporter genes were up-regulated during the early mycoparasitic stages of *C. minitans* and 23 were significantly altered ([Fig. 6b](#F6){ref-type="fig"}). Five of the seven HMT coding genes, including *CMZSB_03503* (orthologous groups 12899) and *CMZSB_09545* (specific to *C. minitans*), were significantly up-regulated at the early stage of infection ([Fig. 6b](#F6){ref-type="fig"}) and all seven genes were mapped to the iron-binding (GO: 0005506) molecular function based on GO enrichment analysis.

Secretory proteins enriched in the mycoparasitism process in *C. minitans* {#s5-6}
--------------------------------------------------------------------------

A total of 908 secretory proteins were predicted in *C. minitans*, which accounts for 8.3 % of the total proteins. The proportion of secretory proteins was 5.5 % in *Sclerotinia* spp., 6.5 % in *Botrytis* spp., 6.7 % in *Trichoderma* spp. and 9.4 % in *P. sporulosa*. Excluding CAZymes, the 695 predicted secretory proteins were classified into 675 orthologous groups, and 45 were unique to *C. minitans* without orthologs in *Trichoderma* spp. or the seven selected plant pathogenic fungi. In addition, 307, 499 and 1041 specific orthologs were predicted in *C. minitans*, *Trichoderma* spp. and the plant pathogenic fungi, respectively. Twenty-four orthologous groups were specific to *C. minitans* and *Trichoderma* spp. and absent in the plant pathogenic fungi. The 45 unique secretory proteins in *C. minitans* were annotated. Five of these secretory proteins were predicted as a PR-1-like protein (CMZSB_08830), an Acyl-CoA N-acyltransferase (CMZSB_04745), an amino acid transporter (CMZSB_05748), a protein with the DUF605 multi-domain (CMZSB_00858), and a FAD/NAD(P)-binding domain-containing protein (CMZSB_06166), while the rest 40 proteins were unknown proteins or hypothetical proteins with no specifically putative functions reported.

A total of 526 secretory protein-coding genes were detected during the early mycoparasitism stages of *C. minitans*, and 132 DEGs were predicted via CAZymes. The CAZymes DEGs were enriched in catalytic activity (GO: 0003824), hydrolase activity (GO: 0016787), peptidase activity (GO: 0008233) and serine hydrolase activity (GO: 0017171) in molecular function (*P*≤0.01) ([Fig. 7a](#F7){ref-type="fig"}). Almost all the genes involved in GO terms were significantly up-regulated at the early stages of mycoparasitism in *C. minitans* ([Fig. 7c, d, e](#F7){ref-type="fig"}). The only exception of *CMZSB_02437*, encoding a putative Asp-domain-containing protein, was suppressed all the way ([Fig. 7d](#F7){ref-type="fig"}).

![Serine peptidase secreted proteins in the mycoparasitism process in *C. minitans*. (a) Enriched GO terms\' graph of serine peptidase of the DEG-encoding secreted proteins. (b) Expression of the unique DEGs involved in GO: 0003824. (c) Expression of the unique DEGs involved in hydrolase activity in GO molecular function. (d) Expression of the unique DEGs related to GO: 0140096 and GO: 0008233, with CMZSB_08830 in GO: 0140096. (e) Expression of the five DEGs related to each of GO: 0017171, GO: 0070011 and GO: 0008236. The graph of GO terms was downloaded and modified from <https://www.ebi.ac.uk/QuickGO.>](mgen-6-345-g007){#F7}

Eighty effector-like proteins were identified in *C. minitans* strain ZS-1, and for 50 of them, expression of their encoding genes was detected during mycoparasitism. Four effector-like encoding genes (*CMZSB_03902*, *CMZSB_06513*, *CMZSB_08537* and *CMZSB_09504*) from the *C. minitans* were transformed into the host fungus (*S. sclerotiorum* strain 1980) with the help of *[Agrobacterium](http://doi.org/10.1601/nm.1310)*. All of them had an influence on the phenotype of the *S. sclerotiorum* transformants, including partial inhibition of the hyphal growth rates (Fig. S3). More analysis should be conducted on these four effector-like genes to elucidate their functions during mycoparasitism.

NRPS- and PKS-encoding genes and their expression in *C. minitans* {#s5-7}
------------------------------------------------------------------

The *C. minitans* genome encoded seven non-ribosomal peptide synthase (NRPS) clusters and two NRPS-like clusters. Each NRPS cluster was identified with different domains ([Fig. 8a](#F8){ref-type="fig"}). Besides the basic AMP-binding domain, NRPS-like 1 cluster carried a nicotinamide adenine dinucleotide (NAD) (NRPS-like 1) domain and NRPS-like 2 cluster with a thioesterase domain (TD) ([Fig. 8a](#F8){ref-type="fig"}). Six type I polyketide synthase (PKS) (t1PKS) clusters, one type III PKS (t3PKS) cluster and one hybrid t1PKS-NRPS gene cluster were identified in the *C. minitans* genome ([Fig. 8b](#F8){ref-type="fig"}). During the early stages of mycoparasitism by *C. minitans*, 53 DEGs were identified among the genes detected in the NRPS and PKS biosynthesis gene clusters. Of these, compared to 0 h p.i., 31 were up-regulated at 4 h p.i., while 40 were up-regulated and seven were down-regulated at 12 h p.i. At the mycoparasitism stage (12 h p.i. versus 4 h p.i.), 13 genes were up-regulated, and eight were down-regulated ([Fig. 8c](#F8){ref-type="fig"}). Most of the core biosynthetic genes of NRPS involved in mycoparasitism were up-regulated, but the NRPS-3-related core gene *CMZSB_06212* and the NRPS-6-related gene *CMZSB_10567* were down-regulated significantly ([Fig. 8c](#F8){ref-type="fig"}). The expression of all the core biosynthetic genes of t1PKS, t3PKS, and hybrid t1PKS-NRPS was significantly induced when in contact with *S. sclerotiorum* ([Fig. 8c](#F8){ref-type="fig"}).

![Gene expression and core biosynthetic genes related to secondary metabolism in *C. minitans* during the early stages of mycoparasitism. (a) Structures of core NRPS biosynthetic proteins predicted to be involved in mycoparasitism in *C. minitans* strain ZS-1. A: adenylation (AMP) domain; C: condensation domain; PCP: peptidyl-carrier protein domain; cMT: cycle methyltransferase; NAD: nicotinamide adenine dinucleotide; E: epimerization domain. (b) Structures of core PKS or hybrid PKS-NRPS biosynthetic proteins predicted to be involved in mycoparasitism in *C. minitans* strain ZS-1. KS: beta-ketoacyl-synthase domain; AT: acyl transferase domain; DH: polyketide synthase dehydrogenase; ER: enoyl reductase domain; KR: ketoreductase domain; TE: thioesterase; ACP: acyl carrier protein; TD: thioesterase domain. (c) Heatmap created with MeV (version 4.9.0) based on the RPKM values of the detected genes in *C. minitans* strain ZS-1; the RPKM values were normalized within the row for each gene.](mgen-6-345-g008){#F8}

Nine genes in five domains related to gliotoxin were predicted into an unknown type of gene cluster in *C. minitans*: one GliA (gliotoxin A) (CMZSB_02816), two GliI (gliotoxin I) (CMZSB_02903 and CMZSB_03980), two GliK (gliotoxin K) (CMZSB_03977 and CMZSB_08616), two GliC (gliotoxin C) (CMZSB_03976 and CMZSB_03979), two GliT (gliotoxin T) (CMZSB_03988) and one GliP (gliotoxin P) (CMZSB_03975) involved in gliotoxin biosynthesis. The expression of these genes could not be detected at 4 h p.i., and only two were expressed at 12 h p.i. (Table S3).

DISCUSSION {#s6}
==========

In this study, the genome of *C. minitans* was sequenced, assembled and annotated, and the potential mechanism of parasitism was analysed based on RNA-seq data. The size of the genome of *C. minitans* was approximately 39.8 Mb, which is moderate among ascomycetes. *C. minitans* has a large number of genes encoding enzymes for both plant and fungal cell-wall degradation; it also has many genes for MFS and ABC transporters, PKS and NRPS; a high proportion of genes coding for secretory proteins were also predicted.

Plant and fungal cell-wall-degrading enzymes in *C. minitans* {#s6-1}
-------------------------------------------------------------

*C. minitans* has 434 putative catalytic protein modules in CAZymes, and this number is moderate compared with the other 39 fungal species in this study. Many of these proteins were predicted to be enzymes for degrading either plant or fungal cell walls. The number of genes coding for PCWDEs is not smaller than those of necrotrophic plant pathogenic fungi such as *M. oryzae*, *B. cinerea* and its host, *S. sclerotiorum*, and is significantly larger than those of biotrophic fungal pathogens. Compared to plant pathogenic fungi, *C. minitans* has 17 unique PCWDEs (distributed in 15 orthologous proteins). These genes may enable *C. minitans* to live on dead plant tissues. Interestingly, we found that the expression of many PCWDE genes was highly induced at the early stage of *C. minitans* interaction with *S. sclerotiorum*, suggesting that these PCWDEs may also play an important role in parasitism. Further experiments are needed to confirm this hypothesis.

FCWDEs may play essential roles in fungal development \[[@R83]\]; thus, no fungi without FCWDEs could survive in nature. As a mycoparasite, *C. minitans* might reasonably have a powerful fungal cell-wall-degrading enzyme system to attack *S. sclerotiorum*. However, the number of FCWDE genes in *C. minitans* is not significantly different from that in plant pathogenic fungi. Furthermore, *C. minitans* shared 47 orthologous FCWDEs with the plant pathogenic fungi tested. Interestingly, the mycoparasitic *Trichoderma* spp. has many more FCWDEs than *C. minitans*, and only three orthologues in the GH18 family that were not detected during the early stage of interaction between *C. minitans* and *S. sclerotiorum*, were shared by *C. minitans* and *Trichoderma* spp. The GH18 family is considered to play an important role during mycoparasitism \[[@R86]\]. These genes may suggest some reasons for the difference between *C. minitans* and *Trichoderma* spp. in regarding host range. The chitinase gene *CH1* (*CMZSB_00640*) and β−1,3-endoglucanase (*CMZSB_02526*) of *C. minitans* are usually used as two marker genes for mycoparasitism \[[@R90]\], while their orthologues can also be found in plant pathogenic fungi. Furthermore, these two genes and *CMZSB_02023* (also predicted encoding chitinase) were up-regulated significantly (log2 ratio=2.6, FDR≤0.001) during conidiation (Table S4). This suggests that the FCWDEs may play a role not only in parasitizing *S. sclerotiorum*, but also in shaping the cell wall of *C. minitans*, as reported for *S. sclerotiorum* \[[@R64]\].

Secondary metabolites and their functions in *C. minitans* {#s6-2}
----------------------------------------------------------

Fungi are known to produce a large number of secondary metabolites, and genes for secondary metabolism are often distributed in clusters on genomes. Many biocontrol agents can produce antagonistic secondary metabolites to suppress the growth of pathogens or to occupy advantageous niches \[[@R91]\]. Early experiments found that *C. minitans* could produce both antifungal \[[@R10]\] and antibacterial substances \[[@R38]\], among which macrosphelide A has antimicrobial activity against some ascomycetes, such as *Sclerotinia* spp., basidiomycetes, oomycetes and Gram-positive bacteria \[[@R37]\]. Macrosphelide A, benzenediol and 5-aminopentanoate were the three most strongly accumulated compounds when *C. minitans* was co-cultured with *S. sclerotiorum* for 2 days \[[@R36]\].

PKS and NRPS are the main synthases of polyketides and peptides. As in *S. sclerotiorum*, *B. cinerea*, *P. nodorum* and mycoparasitic *Trichoderma* spp., *C. minitans* contains gene clusters related to secondary metabolism, including seven NRPS clusters, six t1PKS clusters, one t3PKS cluster and one hybrid t1PKS-NRPS gene cluster. The number of related genes was counted within each cluster, and no significant differences when compared to all the tested fungal genomes were found. Previously, we found that disruption of a type I PKS gene *CmPKS1* and a transcription factor gene *CmMR1* led to an absence of melanin, but did not significantly affect the mycoparasitism of *S. sclerotiorum* \[[@R31]\].

Gliotoxin is a secondary metabolite produced by many fungi. It can suppress immunity, promote apoptosis of mammalian cells \[[@R96]\] and inhibit the growth of micro-organisms by disrupting NADPH oxidase activity \[[@R97]\]. In *A. fumigatus*, the non-ribosomal peptide synthetase GliP catalyses the first biosynthetic step in the synthesis of gliotoxin and was reported as the determinant of host-specific virulence \[[@R98]\]. When *gliP* was disrupted, *T. virens* lost the ability to produce gliotoxin and to parasitize *S. sclerotiorum* \[[@R99]\]. *T. virens* and *T. harzianum* have six and nine NRPS-encoding genes \[[@R96]\] respectively, but non-mycoparasitic *T. reesei* has nine genes in the biosynthetic cluster. Although gliotoxin has not yet been identified in *C. minitans*, an NRPS cluster with nine genes related to gliotoxin synthesis was predicted on Scaffold 12. The homologous gene cluster of gliotoxin biosynthesis in *C. minitans* displays similarity of 47.0 % with that of *T. reesei* and much lower than that of the biocontrol *Trichoderma* species. We speculate that *C. minitans* encodes a type of gliotoxin biosynthetic gene cluster different from those in biocontrol *Trichoderma* spp., but similar to that in *T. reesei*. Two of the annotated gliotoxin-related genes were up-regulated at 12 h p.i. comparing to 0 h p.i. in *C. minitans* induced by *S. sclerotiorum*. This evidence suggests that gliotoxin or gliotoxin-like substances may be synthesized and contribute to the parasitism of *C. minitans*.

MFS and ABC transporters in *C. minitans* {#s6-3}
-----------------------------------------

The MFS and ABC transporter superfamilies are the most ubiquitous transporters in fungi and other organisms \[[@R82]\]. MFS and ABC transporters play important roles in resistance against drug and plant toxic components for pathogens and are also important in beneficial micro-organisms \[[@R101]\]. The expression of MFS and ABC transporters was induced in *C. minitans* during interaction with *S. sclerotiorum*, suggesting that these two classes of transporters may play important roles in the mycoparasitism process.

Siderophores are responsible for the acquisition of iron and the protection of cells from oxidative stress \[[@R105]\]. In *T. virens*, deletion of *TvTex10*, an intracellular siderophore biosynthesis-related gene, increased the fungal growth rate and sensitivity to oxidative stress and simultaneously decreased conidia and gliotoxin production \[[@R107]\]. Fifty-four ABC transporters in 14 subfamilies were predicted in *C. minitans*. Interestingly, seven HMTs were predicted in *C. minitans*, while only three--four HMTs were found in the other fungi tested. Six of these HMTs have putative iron-binding functions and were expressed during the early interaction between *C. minitans* and *S. sclerotiorum. CmSIT1*, a siderophore iron transporter gene (*CMZSB_03548*) annotated in Scaffold 10, was only expressed during the interaction with *S. sclerotiorum* \[[@R108]\]. The results suggest that siderophore iron transporters and related HMTs are important for the acquisition of iron by mycoparasites in a competitive environment and are involved in mycoparasitism.

Effector-like proteins in *C. minitans* {#s6-4}
---------------------------------------

Typical effectors are small cysteine-rich secretory proteins (usually less than 150 aa) and are released by pathogens into host cells to regulate the host\'s resistance system. Cerato-platanin proteins are effectors for many plant pathogenic fungi \[[@R109]\] and were also identified in *Trichoderma* spp. to induce plant defense against pathogens \[[@R110]\]. SM1, an elicitor of induced systemic resistance (ISR), was identified as an effector-like protein involved in the colonization of maize roots by *T. virens* \[[@R111]\]. In *Trichoderma* spp., 233 effector-like proteins have been annotated, and the class II hydrophobin family gene *tvhyiil*, could help *T. virens* colonize plant roots and participate in antagonistic activity against *Rhizoctonia solani* \[[@R112]\]. In this study, 80 genes encoding effector-like proteins were identified in *C. minitans*, 50 of which were expressed during the early stage of interaction between *C. minitans* and *S. sclerotiorum*. We further found that some of these effector-like protein genes could induce a hypersensitive reaction when transiently expressed in the leaves of *Nicotiana benthamiana* and four other effector-like protein genes led to a decrease in hyphal growth when expressed in *S. sclerotiorum*, suggesting that some of these effector-like proteins may potentially function in plants, and some may function in the parasitism of *C. minitans*. It may not be surprising that *Trichoderma* spp. release effector-like proteins into plant cells, since they can live endophytically in plant roots. However, *C. minitans* is a soil-borne fungus and has not been found to live in plants. Considering that *C. minitans* can parasitize only fungi in the genus *Sclerotinia*, we hypothesize that some effector-like proteins of *C. minitans* may specifically function in the recognition of *Sclerotinia* spp. Further investigation is necessary to confirm the functions of effector-like proteins in the interaction between the host fungus and mycoparasite.

Mycoparasitism of *C. minitans* is a two-way process {#s6-5}
----------------------------------------------------

Previously, a model for the interaction between *C. minitans* and *S. sclerotiorum* was established. *C. minitans* senses oxalic acid produced by *S. sclerotiorum,* or the low pH caused by oxalic acid, and produces antifungal substances to inhibit the growth of *S. sclerotiorum* and degrade the oxalic acid with oxalate decarboxylase. After the ambient pH rises, *C. minitans* secretes fungal cell-wall-degrading enzymes and enters the parasitic life stage \[[@R30]\]. However, in this interaction system, although *C. minitans* could produce antifungal substances to weaken *S. sclerotiorum* and destroy the cell wall of *S. sclerotiorum* using FCWDEs, counteraction by *S. sclerotiorum* should be considered. As shown in this study, many genes for MFS transporters, ABC transporters, effector-like proteins and secondary metabolites were significantly up-regulated during the early stage of interaction, suggesting that these substances play essential roles in parasitism of *S. sclerotiorum*. ABC transporters, especially HMTs, may be used by *C. minitans* to compete with *S. sclerotiorum* for heavy metal elements such as iron; MFS transporters may play roles in releasing antifungal substances and in the efflux of toxic compounds produced by *S. sclerotiorum*. There is a high possibility that the effector-like proteins enter the hyphae of *S. sclerotiorum* and specifically inhibit the counteraction system of *S. sclerotiorum*. Once it subdues *S. sclerotiorum*, *C. minitans* carries on a parasitic life in its host.

In this study, we just surveyed the response of *C. minitans* during the early mycoparasitic stages. The interaction of *C. minitans* with *S. sclerotiorum* is a two-way process. Meanwhile, a considerable number of reads mapped to the host fungus *S. sclerotiorum* genome were also included in the interactive RNA_seq libraries. In order to elucidate the two-way mechanisms during the interaction between *C. minitans* and *S. sclerotiorum*, the responses of *S. sclerotiorum* challenged by *C. minitans* need further study and a great opportunity would be provided to understand the mycoparasitism mechanism.
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